The present study aimed at morphological and chemical characterization of the coating-substrate interface of a commercially available dental implant coated with plasma-sprayed hydroxyapatite (HA). For this purpose, elements in the chemically and mechanically exposed substrate surfaces were analyzed by EPMA and XPS.
INTRODUCTION
Scientists have synthesized hydroxyapatite (HA), the mineral constituent of human hard tissues, by using various methods.
Such products cannot be used alone for parts exposed to excessive stress, since they do not have bending strength and fracture toughness that are comparable to those of human hard tissues such as cortical bone. In order to overcome the insufficient mechanical properties and also to exploit its biocompatibility, HA has been used together with metal. HA-coated titanium or titanium alloy implant can accelerate bone formation that is required for the stabilization of implant; HA is expected to play the role of bioactive interface for the success of implant treatments.
Recently, electrochemical deposition of apatite has been investigated for surface modification of titanium1-3). However, plasma spraying is still a common method used to coat metal substrates with HA4). The process can start with depositions of HA, other calcium phosphates, and non-phosphates.
The crystallinity of HA could be poor at those initial deposition areas5,6). The acid resistance of these compounds tends to be week, and the deposition layer may contain cracks that develop during the rapid cooling after spraying7-9). With these potential problems, we cannot underestimate the importance of the interface between coating and metal substrate for bond integrity. It is generally thought that the bond between coating and substrate is due to mechanical interlocking.
On the other hand, the presence of Ca and P in the substrate seemed to suggest the presence of chemical bonding7, 8, 10, 11) .
Little is known of the interface structure of HAcoated implants, while the crystal structure and composition of HA coating and its in vivo reaction and change have been investigated.
The chemical stability and fracture resistance of the interface depends on its structure.
In the present study, we aimed to morphologically and chemically characterize the interface between the coating and substrate of a commercially available dental implant coated with plasma-sprayed HA, by means of electron probe microanalysis (EPMA) and X-ray photoelectron spectroscopy (XPS). 
RESULTS
Element distribution at coating-substrate interface The sample treated with HCl exhibited rough substrate surface ( Fig. 2 (a) ).
While the surface showed overall low O content, it also contained areas of high O content ( Fig. 2 (b) ). The former was evidently due to the presence of titanium oxides at the substrate surface. The latter indicated that the substrate alloy had been roughened by Al2O3 grit blasting prior to HA spraying, as Al also coexisted in these areas (not shown).
The substrate surface also showed overall low Ca and P distributions, except for the locations where Al2O3 particles remained (Figs. 2 (c), (d) ). No exact correlation was found between the Ca and P maps.
This might be partly caused by surface unevenness: the directions normal to the depression slopes were different from point to point with respect to the location of each element detector. Fig. 3 (a) shows the substrate surface that was mechanically exposed by diametral compression. The surface was characterized by differences in Al content: little, low, or high ( Fig. 3 (c) ). Mapping of Ti ( Fig. 3(b) ) confirmed that the low Al content areas represented the substrate alloy and the high Al content areas were the embedded Al2O3 particles. The distributions of Ca ( Fig. 3 (d) ) and P (not shown) were in reverse proportion to that of Ti, indicating the presence of remaining coating fragments. The mechanically exposed surface appeared relatively even in comparison with the chemically exposed surface ( Fig. 2 (a) ), as concavities present on the substrate surface were filled with remaining coating fragments. This was confirmed as the surface irregularities became more distinct after the sample received additional acid treatment ( Fig. 3 (e) ). The acid treatment also revealed that Ca (Fig. 3 (f) ), though in very low content, was detected in the previously exfoliated areas rather than in the areas where remaining coating fragments were found. A similar finding was confirmed in P ( Fig. 3 (g) ). Again, no distinct correlation was found between the maps of Ca and P. Carbon was unevenly distributed throughout the substrate surface, and its contents were very high in the previously exfoliated areas (Fig. 3 (h) ). Fig. 4 (a) shows the coating that adhered to the masking tape. Apart from heavy cracking due to the hammering, the observed surface was relatively even, again indicating that fragments of coating material were held in concavities present on the substrate surface.
The oval-shape halation shown at the top of Fig.  4 (a) demonstrates high Ca, P, and O contents (P and O maps not shown).
It was found that similar round particles were formed in the area, which had been subjected to element analysis (Fig. 5) .
Unexpectedly, Ca-deficient areas were found (Fig.  4 (b) ).
Similar observations were confirmed for P and O (not shown).
These Ca-, P-, and O-deficient areas were very rich in C (Fig. 4 (c) ). However, high concentration of C was not found in the exterior surface of the coating.
These results were confirmed by three other samples analyzed.
Diffusion of Ca and P into metal substrate Fig. 6 (a) shows an SE image of the vicinity close to the boundary between coating and metal substrate. Non-analyzed area Analyzed area Comparison of the Ca 2p, P 2p, and Ti 2p depth profiles suggested the presence of Ca and P in the oxide film. The XPS analysis did not detect any metallic Ca diffused into the metal substrate, probably due to its low content. C 1s peaks first appeared at higher energies and then at a lower energy (Fig.  7 (c) ). The latter peak might be assigned to TiC.
DISCUSSION
Element distribution at coating-substrate interface When a disk is diametrally loaded, low tensile stress tangential to the circumference is induced near the loading points16), which could cause local exfoliation of the coating layer (Fig. 1) . The partial exfoliation of coating layer at these points exhibited a macroscopically cohesive fracture, but the elemental analysis of the surface indicated a mixed mode of interfacial and cohesive fractures at microscopic level (Figs. 3 (b), (d) ).
After the subsequent HCl treatment, low levels of Ca and P were still present at the interfacial fracture surface (Figs. 3 (f) , (g)) where Ti was previously exposed (Fig. 3 (b) ). This observation was different from that obtained with the substrate that received HCl-immersion alone, as this treatment left Ca and P all over the substrate surface except for locations where Al2O3 particles were detected (Fig. 2) . Moreover, the XPS analysis indicated that Ca and P were present mainly in the oxide film on the substrate (Fig. 7) .
A number of round particles with high contents of Ca, P, and O were observed on the substrate-side surface of coating that had been subjected to element analysis (Figs. 4 and 5) . During element analysis, temperature of the sample with lower heat conductivity was raised more substantially.
Therefore, calcium phosphates with low melting points melted due to the heat and then solidified subsequently.
It is known that plasma spraying induces partial changes of HA into non-apatite phases such as amorphous phosphates, TTCP, and TCP10,15). The coating near the interface is believed to be rich in amorphous phases and calcium phosphates other than HA5,6). Since TTCP and TCP have relatively high melting points, the round particles on the analyzed surface might have included other calcium phosphates or amorphous phases.
Diffusion of Ca and P into metal substrate Ducheyne et al.10) sintered electrophoresed HA on a Ti plate and analyzed the section perpendicular to the interface by energy dispersive spectroscopy (EDS). They concluded that preferential diffusion of P Microstructure and fracture model at interface Based on the present results, it is possible to postulate an interfacial fracture model for HA-coated Ti or Ti alloy implants (Fig. 8) . A thin titanium oxide film containing Ca and P was present at the interface (Figs. 8 (a), (b) ), as Ca and P in low contents were widely detected in the substrate surface exposed by the simple HCl treatment (Figs. 2 (c), (d) ). This was further confirmed in the comparison made between the depth profile of Ti 2p with those of Ca 2p and P 2p (Figs. 7 (a), (b) , and (d)).
Diametral loading exfoliated the coating from this film at places where the bond was weak (interfacial fracture on the right side of Fig. 8 (c) ).
Since the oxide film remained attached to the substrate (right side of Fig. 8 (d) ), Ca and P in low contents could be detected in the interfacial fracture area (Figs. 3 (b) , (f) , and (g)).
On the other hand, at places where the coating was strongly bonded to the oxide film, the loading exfoliated the coating together with the film from the underlying substrate (cohesive fracture on the left side of Fig. 8 (c) ). Simultaneously, the coating fractured cohesively into fragments but many fragments remained mechanically held in concavities present in the substrate. During the HCl treatment after loading, the oxide film which was attached to the exfoliated fragments, while highly acid-resistant, was lost along with the dissolution of the fragments (left side of Fig. 8 (d) ). Ca and P were thus hardly detected in the substrate beneath the remaining fragments (Figs. 3 (d) , (f), and (g)).
The observed Ca diffusion into the metallic substrate indicated the continuity between coating and substrate, implying chemical bond7,8,10,11). The present results indicated, however, that the fractures at both the interfaces between the coating and oxide film and between the alloy and oxide film occurred as interfacial and cohesive fractures, respectively. In other words, the mechanical interlocking action due to surface irregularities is still the major factor which determines bond integrity.
C and its influence on coating-substrate bond High C content areas were present in the interior (substrate-side) surface of coating fragment (Fig. 4) but not on the exterior surface.
Carbon also concentrated in the interfacial fracture areas on the substrate of the diametrally-loaded specimen (Figs. 3 (b) , (h)). However, it was difficult to identify the C-rich phase by EPMA.
Moreover, C was widely distributed in the depth direction (Fig. 7 (c) ). The TiC-like phase might be formed by reaction between substrate and C during spraying.
Since the details of plasmaspraying technique are proprietary to manufacturer, it is unknown whether the incorporation of C is intentional or not. It may be assumed that the carbon originated from hydrocarbons which had been present on the substrate before spraying.
However, this hypothesis alone fails to account for the high C content indicated by EPMA.
Further investigation is therefore needed to understand the influence of C on the bond strength between coating and substrate.
CONCLUSION
In the present study, an attempt was made to morphologically and chemically characterize the interface between the coating and substrate of a commercially available plasma-sprayed HA-coated implant. A thin titanium oxide film containing Ca and P was found at the interface.
When the implant was subjected to mechanical stress, a mixed mode of cohesive and interfacial fractures occurred.
The cohesive fracture was due to separation of the oxide film from the substrate, while the interfacial fracture was due to exfoliation of the coating from the oxide film bonded to the substrate.
The diffusion of metallic Ca into the metal substrate implied the presence of chemical bond at the interface.
However, mechanical interlocking appeared to play the major role in HA-coated Ti and Ti alloy implants, as many coating fragments remained in concavities present on the substrate surface.
